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■ Puxpose- The study's gbris ^^er^'as follows: (/) to extend our past findings with rodent tumort to Titiman tumors 
- inB^deg tfe«i;f3) to det^rnUiie if the drug protocol could be simplified so that pnlj' QdC and one modtttotor, 
te^sdiydi-muidi^e tHM^i^^^fdm^io obtaiireffi«cy,(J) f.o determine the levels of deoxycjtiduiel^ 
aha dOVIP deaiihase ih m^ii^rs;*»m»reito adjacent fiofmal tissue, and (4) to determme the effect of 

. idaC on normal'to^^ ^ ^i^ , j n icto. 

MStKi^ and >fa humaa tumors used were as foDoAVs: prostate tumors^ P;C-3 and H-157V, 

. gliobkstoh.a,tjt^tto;b^^ ^thihot^CM 

k^Pfiospon^etv^^t-^^^^^^^^ an JiftibJtoi^ of aspartyl transcarbainqjaase. 

F4d feMag In^tuinorHi^ inhibition of thymidylate synthetase, and B^D, an mlifbitor of q-tidiiie 
ie^a^se 'Th^ total dMe of fecified irradiation of the tumor? was usually 45 Gy in 1^ fra^ons. 
• Resi^Mlvfiied radi^iienkti^^^ 5^as obtained with CMC and the ttree modul^tprs The 9^0^^ "»J^Wr 
^^^i^^-Si^ hf mm^^ PJ"^ ^^'■^y* ^«^t^vely, were: PC-3 f>ros; ^t^ 42-97^ H-l^?? 

■ ifel' 29-115: blioblasfdi^aj S^SJ ; breast, 50-80; lung, 32^123. Comparative studies w.ShPg-3 and H-1579 
u^nk CiaCxbaamte?iKi^\i^ffi H,U, showed that both PALA.SSd FdC are dispensable, and the protocol c^ 
. ^^^^llSUh eq^ai^iiff^lossibly heightened efficacy, For example, PCO" with X.ray .'.t.d (i) no drugs, J 
;adC 5us the ar^i m6difla%Ys,-(J) a high dbse.of CldC, and (^escalating doses of CldG r«ulted m 0/10, 3/9, 

- onl* ii^Sv^ete with ddCj B^u;j?2% of thel'C.3 tumor cells Tirere £o^nd to possess CldlTin ffi«r DNA- The 

. ■: Sk^feofh^id^^^^^^ 

■-■ ddMP deiiinini'ie ffiiil fb^d m -adjaient normal tissue. Physiologic and histologic studies showed that adC. + 
■ H:0 -fcombi3?d'with X^ik^focSl^^^ spi"?! co^dji^dicl not result in damage to that 

fe^^PdCcoadm^^ 
pS^EiHrSfTe-rt^mor cells- 

leciS a~rid 2 of bolda^.injrction^^^ Eiuymatic alterations that make tumors success^have been exptated 

£-^eri$Mfi?advin&^£ rte^^^ coupled «-ith the re^sVely^ "^"LS'd bSu 

. oMeaifemafrSultin^ad^^^^^ 

and IdU'bit ffie^othei^ hand, thele advanteges include autoenhandng the incorporation of q^OT? uxto PNAby 

-;^llg§|^S?hd-rie^^ ®"'^^^^'''"'-"'""^ 
■ \y§^Ti^i£^i^m^^ the prostatic Brain, Lung aid breast, Radiaiion therapy, RadiOr 
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EVTRODtrCTlON 

The discovery of S-bromouracil radiosensitization by Greer 
and Zamcnhof (1) and Greer (2) ignited the hope that the 
coatrol of solid human tumors was close at hand. Confiim-' 
ing and extending studies from the laboratories of Djord- 
jevic and Szybalski (3), Kaplan and Tomplin (4), arid Bag- 
shaw et aL (5) was followed by intensive research activity. 
The halogenated analogs of deoxyuridine did provide clin- 
icaEy relevant, diough modest, radiosensitization of human 
tumors that were poorly radiation responsive, including 
unresectable sarcomas, high-grade gliomas, astrocytomas, 
and liver metastases from colorectal carcinomas in Phase 
I/II studies (6-17). However, after many years of elinical 
studies, the reality is lliat 5-broraodeoxyuridme and 5-io- 
dodeoxytnidine combined with radiotherapy are no rhorc 
■ effective than other modalities of therapy against giioblas- 
tpmis (1 1), The foregoing is the reason why it is conipelling 
to emphasize tlic (Critical differences between 5-chJor6dc- 
oxycytidiiie and the 5-haiogenated analogs of deoxyuridine 
as iht cjuest continues for an effective radioseiisitizcr of 
JiunmnLtuinors. The substantial superiority of 5-chlorode- 



:Oxycytidine over 5-iododeoxyuiidine as a radiosensitizer 
Was deD^pustrated in our past study with the ix)dent niara- 
mmy rideiidcarcmonia EMT-6 (18). Lawence et al. showed 
d greater or equal, incorporation of IdlJ into DMA of bone 
inaETDW and intestine of nude mice compared to a human 
Goipji tiinidr (19). iliesc results on the tissue distribution of 
IdU' wcr6 coiifirmed"'and extended by Kinsella et al (20). 
Iii$tehd of relying on rapid ceil kinetics, which is the mode 
of 'iad^^ by BrdU and IdU (a property .also 

dis])layed by bone inarraw and intestine), the technoldgy 
usii^ QdC . depends the elevation of debxycyddihe ki- 
hase:(21-27)^^^^^ dCMP deaminase (28-31) in human . 
turubrs for a therapeutic advantage (see Figl 1 ). 
Th 'Sie .p]^^ sdidy, the major aim was to extend our past 
. findm^* with rodent tumors (18) to tumor inhibition exper- 
imente^mth five, human tumors in nude niice. These human 
tuiiibrS wer^ two prostates, biie brea^ one lufig, and oiie 
gliobiasfohia; .Based on results froin this cnzyme-dn\^ 
tumbr-seiectiye radioschsitizatioa, this technology is mov- 
mg toward a Fhzsi I/IT clinical U*ial with th^ participation of 
the National Cancer Institute .of the National histitiites of 



; . . METHODS AND MATERIALS 
Drugs 

■ . il^hosphonac6tyI)-L-aspartic acid and tetiahydrouri- 
dine (H4U) were obtained from the Developmental Thera- 
peutics Program, Division of Cancer Treatment, National 
Cancer Institute (National Institutes of Health, Bethcsda; 
MD). JdC and CldC were obtained by custom synthesis 
(Ash-Steveris, Detroit, MI); 5-iododcoxyuridinc wais ob- 
tained -frord Sign3a_(St. Louis. MO). 



Human tiirnor lines, animals 

PC-3, a human prostate adenocarcinoma, was originally 
obtained from the American Type Culture Collection 
(Rockville, MD) and has been manitained by the Rum- 
baugh-Goodwin histitute for Cancer Research (RGO shice 
1994, GI-101, an estrogen-independent metastatic human 
breast carcinoma derived from an infiltrating ductal breast 
carcinoma, has been maintained at the RGT since 1985 and 
has been described in detail (32), The three human tumors 
obtained from the Division of Cancer Treataent and Diag- 
nosis, National Cancer Institute (National Institutes of 
Health, Frederick, MD) are as follows: MIII-H4579, an 
adehbcarciDoma of die prostate; SF-295, a glioblastoma; 
and MRI-H^165, a squamous cell carcinoina of this lung. In 
ail studies, two 2-mm fragments were s.c. implanted witli 
trociiairs unilaterally into the right fliank re^on above the 
hip. In ever)' experiment, animais were implanted witii 
. ' tuiiibrs only two passages away from the initial source. The 
niide liiice (BALB/c. niL^nu) were obtained fi^in Harlan 
Labbratories (Indianapolis, IN) arid weighed 22-26 grariis 
. at. the start of each experiment Males were used for the 
experiments with prostate tumors, and fernales for the 
bri^ast; glioblastoma, and lung, JFor the experiments wdfh 
PC-3 and H-165 that demonstrated the .efficacy of the sim-. 
piified protocol, and for studies examining normal tissue 
dafrkge, the nude mice were obtained from the RGL 
: Eftbits were made to use mice with tumors with an initial 
vpiuriie no greater than 300 mvr? and no less than 100 mm^: 
The initial day of treatment varied with each tunibr, depend- 
ing oh its rate of growth. The expcrirnciit with the rapidly 
growing glioblastoma began on Day 13 postimjplahtatidii 

- (Pi), whereas the experiment with the glow-growing. breast 
tulnpr. began on Day 45 PI. 

■ ^HtSnan cell cultures SCC-1 and SCG-6, with which the . 
levels of dC kinase and dCMI^ deaitiinase. were determined, 

- iv^ei?;' obtained from Dr. Thomas E. Carey (Uiiiversity of 
...McAigan). 

Drug lreatment and radiation 

.Z The. Ixc^imcat schedule using fottf drugs is shown in 
.r- Table 1. All drugs were sterile filtered and administdred i.p. 

H4U was always coadministered in the same syringe as the 
. : Appropriate nucleoside (UdC or CldC), 
^yn TheJ radiation source for all. the studies, except for the 
experiments gUbblastoma,. was a.Sieinens (Islcn: NJ) 
/.VsfibiiS^i 250 kVp orthovbltage therapy unit (15 mA, 
^|;itm.Al filter producing 144.24 cGy/n% a^ 70.^<^^ Six . 
'aium^ were irradiated at the same tinie with the dbllimatbf 
Mly^^ Animals were anesthetized by i.p. inj^ctibh with 
ketamirie/xylazine. Mice were shielded with i-mm-tfaick 
lead shields with the tumor protruding. Tumor growfli was 
incasOT^ in three dimensions using calipers. The product of 
tivcc' dimensions X 0.5 was plotted vs. days postimplanta- 
' tipii. Tiraiof measurements arid weights of the mice were 
determined no less than twice per week. The standard error 
of the mean was plotted for the prostate tumors and for 
iVeigiit loss data for the e^qserimenis involving hirig and 



CWorodeoxycytidTne radiosensitization of five human tumors in nude mice • S. Grher et at 



793 



Table 1. The standard protocoJ (StP), indicating the bolus doses of i.p. -administered drugs and the schedule of the administration of die 
drugs and ra<iation- This protocol was followed lor 3 to 5 weeks as indicated in Table 2. 



Time 



Mon. 



Tues. 



Wed 



Thurs. 



FiL 



9 ain 
1 pm 

3 pm 

4 pm 

5 pm 



(70)* 

FdC + H4U 
0) (25) 



CldC + H4U 
(180) (25) 



FdC + H4U 
(7) (25) 



QdC + H4U 
(1«0) (25) 



CIdC + IljU 
(150) (25). 



Radiation 



CldC + H4U 
(125) (25) 



Radiation 



Radiation 



* (iii S''kg) . 

Abbrevkttiony, FALA^ N-(Phosphonacetyl)-L-aspartate; FdC, 5-fluoro-2'-dcoxyc>'lidine; QdC, 5-chlorp-2'-deoxycytidinc; H4U: tetra- 
hydrouridBde. . 



Tbrcast tiimoisl For the expcrinieiits with breast, as well, as 
coiripaiative experiments Avith PCr3> 3ata were found to 
b^ .b'est represented by plotting the vqlicfiies of mdividual 

: tuinors:-' y. ■ . • • •: • 

. " Trealfebrit of flic glioblastoma, was uMa^ with the 
iincar acceleratof; becatuse the 25(]uk:V^ sot^^ was not avail- 

• ' aible. . Tmiiors were irradiated wi± 4-My X^ays from a 
yWiaa fciiiiac 4 linear accelerator usiiig a 3 X 30 cin^ field 
• at a disi^^ 80 ciri (dose rate 3-15 Gyy'mm^^ with tumors 
pbsition^d arbiiiid the periphery of the -Radiation field such 
^at 't^clv tiimor was in the field wMe the remaijider of the 

:. at tlie edge of the field ailows a fiiil dose fo' the tumor arid 
. oyerl^aiig siaa, \v4th little dose to the'rest of the animaL A 
f rcin-thick iayer of bolus material (water arid gelling ag^t, 
/ wTapped iii plastic) was placed oyer jSck copse- 
. .• querit%: fthe. tumor was located between* 1.6 (Dmax for 
• •* ; . arid 1 .5 cni deptli;' resiiltinf dose unifomiity 

■ /oyer tHe'nli^ ±1%. With this systeii^ we irradiated 

-V li-M .mibe at diie ' . .:" >' ' - ^ 



The^^^ by Doberscn and Greer (33) were 

Used for the Issay of dcoxycyfidine kinase arid dCMP 
d^miriasc. H^U was added to the i^ctiori tniicture for th6' dC 
• kihasefi&say. Tw^ different solvent '^sterns were used for 
tSe^-dC^^ DEAE cel^^^ thin layer 

: ■ V/." clm)mato (tLC) ' (Baker;' Pi^^ NJ), 

with^d^Or H l^^ solvent. sepjiratM j*H-dCMP from . 

. ; ;^H-d(jJ^^ min with dCMP. cjoser to the solvent 

} ^J§or^(M!^P^^ 0 47; Rf dUMP: 0.21 )."flie moie desirable 
/ . ' s Spar atioS occurred with is6propariol:H2P^^.^.? ^^^^P 
■^.iiliy (Newaii^ DE) Ceiliiibse TLC: 

i^e prbdu'i^^^ was close to the solvent froiit with 

/ this cfir^fS^p^^^ system (Rf dCTMP: 0.85; Rf dUMP: 

' Tissitie was obtained in accordance with the ethical stan- 
dards of the responsible institiitional coinmittee on human 
experimentation;- • ' . 



Normal tissue damage 

In view of our interest in treating head-and-neck cancer 
patients, we undertook a study to deterrnuie. whether 
CidC + .H4U would aJffect radiation, damage to. the spinal 
cord, which is often at risk in the treatment of head-and- 
neck cancer patients witli radiotherapy, Nu uri- - /• 

treated or treated with escalating doses of CldC ^d.H4U ; 
(Schedule D In "Results"), were irradiated with 2.5 <3y or 4 . " 
Gy p^r radiation dose in tlie. cervical spinal cord region for *: 
a tqt^l dose of 30 or 48 Gy, xespictiveiy. Ilie mice were, 
anesflietized and restrained in plastid jigs. The riiice were y 
protected by a 3-mm-thick lead shield with a 14-mm X 
4-nirri silt placed over the cervical region of tiie spirie. / : 

Mice were killed by deep inhalation of anesthesia with ! :. 
mcthoxyflufane (metofane) and decapitated. The "c^variuiri 
was removed, the brain was separated .from the ccrvical- 
iheduliary junction, and the brain was removed! The spinal 
cbliunn widi proxiiria! ribs was removed by th^. posterior . . ; . 
approach. A thoraco-abdomiriaj incision .^'ak made, and the * !. 
-systemic oirgans, Mcluding hearty. limg,"'h^ Jdd- ; 

iieys,^iirid ihtestihe^.were ferriovei Th&e*tissiiei^cre im- • ; " 
mersed in 500 mL of 10% ijuffered fonmlirii- ' ' • / ;> 

Afler a' Sndiay fixatitAi period, the ceryicar and upper . . ; < 
thoracic spinal cord was reiiioved after carefiil chipping- * 
rerhoval of the vertebral arches. Between 4 and 7 pieces of 
cervical and uppa: thoracic cord, measuring approxiriiately 
0*3 cm in length, were dehydrated, emb<5dded in paraffin for „ 
cross-sectional analysis, cut at 6 /x, and stained with hema- " 
* toxyiin-eqsin. . . I ::^;'dv:y. 

.. IwGcrqscopic examination: All septidiis\were/c - . ^l ■ 

vvithdiit knowledge of the experimeiital copiditiotf: . \ \ 

All ahitnal studies were conducted in accordance with the - 
National Research Council's guide for the care, - treatment^ 
and lise of Ia.bdratory aniriials. 

RESULTS - ' ."-^--r* 

Human prostate tumor PCS / • 

Figure 2 summarizes an experiment in which the mice 
were treated widi drugs for 4 weeks using .the standard 
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DNA 

I 

I 

i 
i 



GldCMP 

dCK 
CIdC 



f 



dCMP Deaminase 



H4U 



■7^ 



Gytidine Deahiiiiase 



dpK: deoxycytidine kinase 
T|C: thymidih^ jkinase 



DNA 

t 
t 
t 

GIdUMP 
^ TK 



CIdU 



tv:- 

Catabolism 



tetirahydroundihe 



H4U 



HOGH2 




OH H:: 




HpGHi 



HO HO 



• " :'\] Fig;;li Jpie'patiiway^ of metabofism'pf 5-ihldri>2'-deoxyc)'tidine. ^e.broken arrows reflect the poor affinity of dCKlP 

; ima^ idd hjsjier kinases for ifira^^^^ included are the "chcmicai^ of CldC and H4U. 

phrtdcord^ i),'.. were 6,";.52,>>97,.:a^^ wjffi ia ciirc 

TrcafeSit^fe^ . 'assigned a valu^ .'. • - . 

dose^*^^^^^ ■ '••■I: ! ■ \ :. 

trbaim£ffij[rer!- fd^ H Union pros UUe 

reiShed in Mo (9^ C<^i5 mm-^j An experiment in whicK mice bearing another prostate 

for, 453.days^ after treatment, ffi'coiitrast; treat-'. * tumor, were treated for 4 weeks, as desmbed for P is 

mckt^^^^'m rcsuitedriii. 9/9 (li^^ recur- shown in Fig/i. The total, dose was A3 Gy'iii 1 1 fractions; 

rCTces'initiiB'sa^ of tiine (45. days arf^crltrcafaribnt , Treatment, began on Day 1 Z PI aiid ceased ori.Day 41 PI. 

eiidSij'J^^ 25 min^ at'^y pb the TWs tumor' "was tfie most sensitive, to ' drug treatment 

stut^yAs'shoW in Table 2, the days in'ibiiior fegrowth atnong the five htim an tumors in this study. On Day 80 

deJay for dnigs, XTray. drugs pliis X-ray, ;knd^dru^ plus PI; 25 days after the cessation of treatmenf, \JZ (13%) 

X-ray'^exciudj^^^ 'arid. 6/7 (86%) tumors w'cre less* than" 75* mfo^ in the 
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Fig.. and Its. three biomo<iu|a.tois conibined, with 'radiation (the staiidard protocol [StP]) pn_the 

ypjmies of .die (prostate tumor PG-3. Treatment was for 4 weeks. The .total dose of radiation was 47 Gy in 1 1 ft§ictioiis. 
r Al^olsh^ of omitting. PALA. The final results of this expenihehtand aU the experinieiits dipwn in Fj^. 

^ ^^ible 2. The numbers in parentheses indicate the number of mm ws s^^^ M each grdiip/The 
:aVera^^^ and the standard error are shown. In this figure aiid Fig. 3, the arrow indicate^ the la^ diy of 



groups retera X-ray alone and drugs plus X-ray, re- 
specti^^ : 

CWy J we^^^ of trcateerit was used for the very rapidly 
gto\ying: huma^^ The treatment was termi- 

nated;.\iie^ of . the tumors were 

re^dfld^^ to'^^^ alone. This fiirhed out to be a \'eiy 
traj^si^gr (25%) of tbe turhors; The total dose 

was^4 .Gy in J- fi^ of treatment was only 

13 &yf P%^ the last day was Day 3 1 PL There was very 
Uttle; cpn^ seven tumors 

treaSd wiffi'drags'g!^^ Wre ib tumor rcgrowtb delay 
for. more th^n^^^^^ days,- and one tumor in this group was 
cure<4;.% &3^^ in Table 2. These responses seem re- 
niarfca^ie iS^yi^ rapid growth of this tumor. 

: -Ttus' mcSstatifc. bfeiast tuiior was treated with a slightly 
protracted schediue of 3 weeks on, 1 week bye, and 2 weeks 
on: pi& tot^/d Gy in 14 fractions. The first day 

of tfeatmen§ w PI, and the last day of treatment 

wias 84* day's Pli' ^^=^ .f 

; Asjscm in Fig. 4; there is very h'tde response to drug 
beatmenf results obtained, with tlic gfifv 

bl^toma de^ With fliil treatment 7/1 1 (64%) 

tuniore>^<&.fiiri^^ nini^) for 30 days alter 

cessaiiph-pf treatm whereas only 1/11 (9%) was con- 
trolled for that' extiehded period in the group receiving X-ray 
alone:^ -""^"r . " 



The weight loss data are conastent with bir^ finding with 
rodent tumors in inimurie-coii^^ rmce, that CldC coad- 
ministered, with the bioniodulato^ is not tojdc'atradiosen- 
sitiziiig 3oscs; Similarly, in the immimS-.c6M^ mice 
of the' present study,, ^weight loss, is;- ho, greater' than^ 
w'hich occurred with radiation albiie (iFig/4^^^ ; 

. Human squaj^ipiis cell c^^^^ Iiurig fl'165 

Hi 65 tutnbrs were treatbd for 4. we.efes ^tS47 <jy ' in J 2 
fraction^'; TTib ftst day; of frea&eiit . ivas p^y^^^^ PI: Ai^ 
tipugh the tf(iateeht,6casedjon Day 65 
witli driigs plus' X-ray * tizmor" dbntrbl ekfemlcdV for 100 
additional. days'W 3/5 .(60%X:m'ce^ X-ray ' 

alone, . only 1/5 tiikibrs J displayed : kh 'ex^nded^ 
delay.. As indicated m Table 2, 2/5 '(40%) fflb^ce^w'^ere 
cured w|th dmgs plus X-ray,' and b/5;cur^' o^ with 
X-ray alonc; lliere was .no dis<xi3ubie cWtU^pn. turpor , 
growtli by "drugs alone, w 
of ail, addidvc efjfect o.f drugs a^^ 

SinipUjfitatibn of the pw • ' ' . -jyV^^ll^^l . 

The restilts of one of. three expermentsV^ PC-3- are- 
shown ini Fig. 5^c. Whefeas one group .of riud>e.^^^ given . 
escaikting doses ' of CldcAois^^ 1160, 1245,^ ^a^^^ 
mg/'kg in Weeks 1-4 (Cdnditioii D),'ajipthcf group of mice 
was given a constant loadii^ dose tbjajing \ 5j^ m2/k.g each 
week via i.p. injections on Monday to Thiireda^ ror 4 wedcs ' 
(Condition C). The total radiatioii do^e for the' 4-week 
period was 35 Gy. Those mice that were designated as cured 
in Week 7 received ho further tfeatzheht; Mice that had - 



796 



1. J. Radiation Oncology © Biology ® Physics Volume 51, Number 3, 2001 



Tabic 2. Filial results of the expcdmcnts shown in Figs. 2-4 and the experiment with the human glioblastoma SF 295 and the human 

]mig tumor H-165 described in the text 



Tumoi, condition of 




No. of 


Days to reach 


Days in tumor 


Fraction 


irradiation 


Condition 


tumors 


4 X initial volume 


regrowth delay 


of cures 


No. (Gy, Fractions, Weeks) 


Control 


5 


14 


0 


0 


Prostate, PC-3 


StP* 


6 


28 


0 


0 


(47, 11,4) 


X-iay 


9 


72 


42 


0 




StP + X-ray 


10 


II6V1245 


85*/>97^ - 


I/IO 




Full,^ No PALA 


5 


104/>i42 


56/>il3 


2/5 


Prostate, H-1579 


Control 


5 


13 


0 


0 


(43, 11,4) 


StP 
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* StP, standard protocol (CldC, modulktors, and schedule as shown in Table J).- 
".^TheS^ 

. . . 5/^ iCjdciiiatipns exdud cures/ciilcxilations designating ciires as >200 dayS: 
. ^ For glioblastoma control and StP only; days 10 reach 2 X initial volunie'is shown. 
. '^^ 3^^ weeks; 1 bye; 2 weeks.' v . 



visible tumoi-s wei^e treated in Week 8 and 10, as described 8 and 10 beyond tliose observed in Week 7; furthermore, 

in the legend of Fig. 5. The final frequency of cures, was: two tumbrs iri both Groups G and D, considered ciirtd at the" 

: BX) 3/9, CX) 4/10, aiid DX) 5/9. There were no end of. Week 7, grew after an exteiisive period of tuinor . 

.. additioinal.ciires as a result of the added treatment in Weeks regjowth delay, It is likely that greater tumor control could.. 



H-1579 (Prqstiate tu 




Days Post Implantation 



Fig. 3j The effect of CIdC and its three biomodulatdis combined with radiation on the average volumes of the prostate 
tumor H- 1579. Treatment was for 4 weeks. The total dose of radiation T^'as 43 Gy in 11 fractions. See Fig. 2 for fiirther 
explanations! " " ' ' ~7 "'^ - ^ " • — - ^ 
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Drugs + X-ray ^ (11X 
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; : pays po^t tumof ^ 

. - . ' (b) ■ , ■ ■ - 

Fig. 4. (a) The effect of CltlC' ahd its biomodulators combined with -radiation {the StP) on the volumes of inclividiial 
tumors of GI-lOi; a metastatic breast tumor. Tte treatment was for 3 weeks, followed by a "bye" of 1 week, followed 
b>' 2 weeks of treatment The total dose was 42 Gy in 14 fractions. See Table d for the final results of this experimdii' 
and.for the number of tumors in each group. The arrows indicate the fir^t and last days of freatmeoL (b) Weight loss, 
data: The average weights of each group are plotted, indicating the standard error. The arrow indicates the last day of 
txea'tmenL The mice treated with drugs alone of with X-ray alone were sacnficed when fheir tumors approached ca. 1200 
mm*-, hence the truncation of the iih(» representing these coriditioos. ' * • 



798 



1. J. Radiation Oncology • Biology • Pliysics . Volume 51, Number 3, 2001 



CO 

£ 
E 

OS 

E 

> 
o 

31 



76© •: 



250^] 



15 4Q 7Q Wb 

Days posWmpianf 




10 



40 : 70 too 
pays ^st-lmplani- 





1000 *r 


£ 








-E-. 


600 J 


I' 




0 


250 I 


E 




3- 




H- 




. Q ^_ 




. 10 




DO 




. days pbs^.impl»it 



AX 



130 




i;30: 



_ IQOO: 
•£ 

3 



€• 

3- 



250 



10- 



40 I 



:Days jpostrfrAplSdE . 



« 5 0^ 

■ . t ;:3bi0 
g: 

t P: .1 . 401 



130 




Chlorodeoxycytidine radiosensitization of five human tumors in nude mice • S. GR£ER etal 



799 



PC-3 Average Weights 



m 
E 



35 



30 



25 



20 















-i; ^— ^ 



-AOj 
-AXj 
-BOI 
--BX| 
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• : . tig. 5. A comparison of uvo simplified protoeob utilizing onJy CldC phis H4U with thc.standard protocol, in \vhich CldC 
y piiis H4U and two additional bioinddulators are used, when combined with radiation of the human prostate tumbr, PC-3,' 
; tJii^-;vbhim^s' of individual funiors are plotted vs. days post tiimor iroplaiitation. Sciieduiei A: no drugs. Schedule B: the 
■^^dSd'pro^^ shown in fable 1). Schedule C: a loading dose for 4 weeks (l^SWlmg/kg/wct^^ 




i^l^Sli g ^d iOv^^^^ of H4U wasiccpt constant (25 rag^^g) in ail conditions, (a) O: lio radiation* tfic.lincs that end 
^ • ' i aT?nf])tiy M ihi6c receiving no radiation that had to be kiiled because of their tiiinor burden: (b} X-radiatibii 

^ (a toM of 35 Gy in weeks 1-4). The single arrow in Figs. 5a and c indicates-.the last /day p 

li ::':4^^^kfrea^^ were given a doise of 2Gy on Wednesday, thnis^^ 

,V vjweeiS' 8 and.ro fort tbt^ fihai dose of 47 Gy. Drugs were given in the a,ni. and p.m. on Monday and Tiiesd^ybf each • 
V'-ZW^^^'iid.^^^^ a.n2. on Wednesday and Thursday. The tiimors \v^ro irradiated as ^bwn intable i; Le:,*ori the 
/ o/'aSemopn^ Wednewlay aiad f ^ on Friday mom.ing. (c) weight loss data,. 



.haw te<5%achicw coatinuo.us, ratiicr fliaa interrupted 
wcp^;of fi^ Ips's daLte^shown in Fig. 5c 

ifldicatei injectioas of anesthetic 3 X/ 

: weS/pnW ^6 
tiiateS iidc>e re weight loss eich and 

ttieit^cikht loss was no grcateir than tliat enconntcred wifli 
-ladiatim al^^ . 

Rg^i 6j^a5mnai^^ the experiment squanious cell 
cafciSdlna^ -^^^ conducted to 

c^DnSmiMit th^'sm protocol was, as efifj^ctrve as the 
pxotpcptusm^ fdUrdrug^ Tiimpr vplurnes on the first day of 
tri^finentl'^^^ ^jp^. ^J^OT volumes 

iisuSiljj^/a^^er^^ min?; ^as in the experiment with this 

ljlljI.'iiLi^-' k\'}l^ll^^''.^Lj'y'lJi'-. 'P^.ilVA' O ' In * ^-Uvn 'iiht'^Arr flit* 'in'tfl'sl 




AX^BXfCD^Md DXj:rcs5jk:tively; The^ total dose for 4 
Veeks p£ tf^tme^ Gy; After a bye of 3 . weeks, 

'treatmVrS'T^umed^^ pay 51 to Day 60"wlth two courses of 
drixg.^iid radiadom- Th^^^^ in. the 

lOnday ^^eM dose of 75 

.Gy:.I^iai^e acS of the initial 4 weeks 

of trcatinenfc TTi^ indidates the initiatioQ of 

^tyiOrd^y ipenod^of^ is no dis- 

ceinibje effect df t&gs on die growtli rafe of die tiimors. 
The ttmprs of aniiiaalsj.receiying radiation only wCTe in 
re^wif deliiy oni dimg 'ttie w tifey feceived radia- 



tion. The .end points of the tune to reiach initial tn^ 
volume were 47, .86, 92, aid 95 days^fpr irradiated groups 
AX, BX, CX and DX, respectivdy; -Th^^ end pofii^ <>I ; 
time to reach 2X the initial turnor ypliMe.wer^^ 11 2, 

. and 110 days. Clearly, the simplified prptpc^^^ 
and D) aire equal, if ipt superior, tP the schedidc" 
dings (iSchedtile B), as.dcmbnstated t^M^^^^ 
PC-3. Despite a more ag^essive, coiifimibus^^^^ : 
of treatmeint wilfi drdjg^ arid/or tadiatidii'. ^ter a Bye pf 3 
weeks, there were no cures, Figure 6b shows thkt the inten- 
sive 10-day treatment resolted jn 10% weigiit Ipss in 
treatedi witib radiation and Schedule D, a; Ipss that wais . 
rapidly recovered Again, one can suggest tb^-cbntimpj^^ 
aggressive treatment of the kind 'gjveh; tp. pafi^^ 
head-and-neck tumors is more desmtiie than an^ m^ . 
treatmemt schedule^ es|jf^ially in yicw bif the j^cfe^pf ipprcv, . 
ciable wei^t loss, as' shown in Figs; 5c aid* 6bi - 



Dosimetry 0/ drugs ojid radiation 

In an experiment using the human prostate tumor PC-3 ^ 
w^e beg^ an approach jto detetmine the nainimal elfoctive 
dose of CldC using Schednle D with the doses of CldC nscd 
previously, as indicated in flie experiment ^lown in Fig. 5. 
In addition, one group received one-half the dose of CldC 
{D/2)l The experiment ran for only =4 weeks witfi H^U 
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CX 
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BX 
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•Aoj 



cannnbma- 



; post ihitiatiori of treatm " 

-l:^fig:^^^^ and D^ith ScheduJeB (as described in.Fig:,5) Usmjg sqiMao^^^^ 

.-^•^ -of tHe iun'g ^H^ Because nti iures were obtained,' the data are best rei)i^ritfed as'a^ lel^aiiyejto 3?;;;-;. 

l^)^ i^'6: iiic X for ilie"4Ayeek' period was 53 Gy- After a bye of J^.week^ ti^a^ Days pJ^6C^-: ' 

'•;:-^^'?affer theun^ fivo cou^s of treatment coricemrafed mz IjMay period gav^%'^"dditiond^ 

:.rNdpse 22 Gy, resulting m a total dose of 75 Gy. Groups AO; BO, CO, arid DO ea^^ 5 mice per group. .Grpup5>^^^ 

^^e" AX; BX,'C DX had 7. lO'iiil said 11 mcc per grouj), nsspcxliv^ly/as ii^i^ thcj^c^a^es. The ^a^Md^;: ;- 

y 6cror of^6TO - • * ' ' _ :/ V-^ *' • * • "pM' -l" 



always c^ainmistered Avifli CldC at a constant dose of 25 
m^Tcg^ TOe tmaf dose of radiation was 28.5 Gy. . 
' * TTbie had no effect on the 

gro\\'^ rate of the tumors. The frequency of cures was 
O/tV?/?; and 6/10 for AX, D/2X, and DX, respectively. 
TiSipr re^^ not includiiig^cures, was 29, 47, 



aiid 65 days for AX, D/2X res^ccfiyply^^^^^ 
signing a. valued of 266; dayis;^^^^ 

including cures, was 29, 85,' and 146 daji fof A^ MX 
and DX. respectively, thus tliS^ doses we are using in Schedule 
D apparently are close to the linear range with reqject to tiimor 
conti^L The dosimetric re^Sse we have obtained wMi the 
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Days post initiation of treatment 



(a). 



PC-'3 average weights 




Days pQst ini|t(atjon of :q 

-i^f^:&--^-r'--'-- ■ treatmeht ' '• ■•'.^hA 

J:.(^^^^ of the radiation dose increase effect of CJdC plus Hjj with SchcdiAe using the hopa^ . . 

' f^.i^^!^J^9f' A = No drags; D - GldC + H^'U as described for Schedule i) in Fig. 5; O = no radiation; XI = 13 bj 
^^ ^^S# .26 Gy; X3^ = 39, Gy, Trcaitnent was for only 4 wedds. The average tumor volume rcla^'c to its volume On the 
Initial day of treatrnent is plotted against days post initiation of treatnienL The aorow iodicatBS'die \kst day 6f t&^di£\ 
^^<K(-Weigirt.los^ data-'{: ' • . ■ - - • .. ,^.-^^:^^vv 



li&ig&mode help gyide the deisign of studies that bring 
ttit fin&gs ciinfc^ practice. - 

;'^';FigKre ari experiment in wiiich we sought 

. tQ dctCTinin^^ dose ihcrease effect of CldC + 

H4D fdr gf^^ the PC-3 tuinor and Schedule D after 
. tr^tment for only .4 weeks. The total radiation dose for O, 

Xi; X2,jaid X3 was 6, 13, 26; and 39 Gy, respectively. 

7. Th^ da^s" ihj^ regibwth delay for AXI, AX2, and 



AX3 are 9, 40. and 5 1 ; the days in tuinor regrojw^'delay^f^^ 
DXl, DX2, and DX3 are 47, 59; aiid 6O; r&pe&i^^: 
groups had seveii tumor-bearing inice per gr^upj leS>iips AO! 
and DO had four brnior-beaniig mice peif group:, Tlie stan-' 
daxd error was genei^ally I^s &an 20% of the "ineab. . 

It appears that .CIdC + H4U provides rriore than a twofold . 
dose increase eifbct in that DXl end points surpass those of 
AX2. In view of the results iiidicatirig thar the 'tumors- 



802 



1. J- Radiation Oncolog>' ® Biology © Physics 



V'olume 51, Number 3, 2001 



recei\dng drugs and onJy 13 Gy were in tumor growth 
decline and rcgrowth delay longer dian tumors receiving 2 X 
the dose of radiation without drugs (Compare DXl with 
AX2), it is striking that a total dose of only 13 Gy resulted 
in a dramatic reduction in tumor volume in 5/7 tumors and 
a potential cure! In contrast, the tumors treated without 
drugs and with 13 Gy grew at the same rate as untreated 
tmnors (Compare AXl with DXl), The weight loss data > 
indicate that die moderate weight loss in drug-treated 
groups receiving radiation was substantially recovered each 
.weekend and fnlly recovered once treatment stopped. After 
receiving essentially 1 Gy/fraction. all rumors in the DXl 
group were less than their initial volume 18 days after the 
cessation of treatment; therefore, it is likely diat substantial 
additional tumor control would have occurred if the treat- 
ment period had been extended for 3 more weeks wifliout 
inCerriiption, with a total dose of only 22 Gy. This sugges- 
tion has important clinical implications for the treatment of 
head-aud-neck tumors wiiich are usually treated 5 days/ 
week for 6 or 7 continuous weeks with a total dose of 70 Gy. 

Percent of PCS tunior cells incorporating 5-chlorouracil 

, derived^from CIdC . 
. in a cdDaborativc study with Drs. Alan Pollack and 

* Nicholas Terry of the MD Anderson Cancer Center, unir- 
radiated mice bearing human PC-3 prostate tumors were 
treated with CldC + H4U for 2 weeks as described for 
Schedule D. Using antibody vs. DNA containing ClUra and 
FAdS analysis ^is described in publications from Dr. Pol- 
lack's laboratoiy (34), it was.shown that tJic percent of cells 
of the minor containing ClUra in their DNA was 51%, 78%, 
92%, and 92% on Days 3 and 5 of Week 1 and Days 3 and 
5. bf Week 2, respectively. 

Ehzymdfic studies 

Table 3 summarizes the results of enzymatic studies with 
the iiormal and tumor , tissue of 24 patients wifli head-and- 
iieck tumors. The majority of the patients were previously 
treated /with radiation. Both enzymatic assays could be 
conducted with as little as 40 mg of tissue. In three cases, 
equiyaient tissue was not available. In 1 5/24 tumors, dCK is 
, elevafced greater than threefold (j-17X); in 12/24 tumors, 
4CMPD is' elevated greater than sixfold (6 to MOX); and in 
.18/24 patients, dCMPD is elevated tiirecfbld or greater. In 
i 1/24 timiQrs, both enzymes are elevated greater than three- 
fold::. The clevatian of dCMPD is most critical for the 
sfi^te^. Starting with Tumor 14, the study was conducted 
as a blind sHidy because of the remarkable nature of the 
results. In the paper by Giiisti et aL (28), on which this 
stirategy is .based, two malignant head-and-neck tumors 
wefe^aKo fbund to have high levels of dCMP deaminase: 
carciiipina of the buccal mucosa and adenocarcinoma of the 
iaoor of the mouth. These levels were approximately 7X 
fiig^er than the levels m the following benign tumois: 
fifoonia of the gum and lips, papilloma of the palatine 
mucosa, and chrondronia of the jaw. 
" It should be noted diat in one patient, with respect to 



dCK, and in two patients, with respect to dCMP deaminase, 
the large factor of increase is due to a very low level of 
enzyme activity in adjacent normal tissue rather than to an 
unusually high level of activity in the tumors. 

Cell cultures of two human squamous cell carcinomas of 
the bead and neck were examined enzymatically before 
future radiation studies in the nude mice model: SCC- 1 and 
SCC-6, a timior of floor of the mouth and of the tongue, 
respectively. Tlic levels of dCK were 198 and 143 pmoles/ 
min/mg protein, and the levels of dCMPD were 87.4 and 
8 1.0 nmolcs/min/mg protein for SCC-l and SCC-6, respec- 
tively. The rates of phosphorylation of dC to dCMP and the 
rate, of conversion of dCMP to dUMP were similar to the 
high rates obtained with the tumor of Patient 1 0 in Table 3, for 
example; however, flhe low level of protein in cell culture 
extracts compared to that of human tissue contributes to the 
extrcihely high ^pareait oizyme activity observed 

The levels of dCK m the PC-3 human prostate tumor and 
H-1 65, the human squamous cell carcinoma of the Inng, are 
16.2 and 35J pmoles/min/mg of proteiii, respectively. The 
levels of dCMP deaminase in the PC-3 "and H-165 hiunan 
funiors are 3.63 and 14.1 nmoles/min/mg of protein, respec- 
..tiyely. Wi* P.C-3, the levels of both dCK and dCMPD arc 
IX "higher than more than 1/3 of the no nnar tissues shown 
in- Tabic 3. In tlie H-165 tumor, the levels of dCK and 
dCMPD aire more than 3X higher than 1/2 and 3/4, respec- 
tively, of the normal tissues shown in Table 3. 

Hpnndl tissue damage 

iJude mice undenvent histologic examination of the cer- 
vical spinal cord at 10 weeks aiid at 5 months after cessation 
of - iirradiation liniited to that ai^. One-half of the mice 
rec^eiycd CldC + H4U for 4 weeks in accord with Schedule 
D: AM mice were irradiated, with one-half receiving a total 
of 30 Gy, the other half receiving a total of 48 Gy. Neither 
paralysis nor treatment-related damage was observed. The 
histologic studies revealed 4/17 and 6/20 minor microgUal 
nodules in the X-ray only "and X-ray plus drug group,, 
re^jectively. Dr. C^ol Petito, the study pathologist, consid- 
drs these minor abmances to be unrelated to tlie treatment. 

DISCUSSION 

In our past studies with irdmunocomjpefcfnt mice, CldC 
ah^ three bioinodulators were shown to be efficacious vs. 5 
rbdent tumors: RIF-1, a nomrnmunogenic radiation-induced 
fibrosarcoma; Sarcoma-180; Lewis limg carcinoma; a 
DN&iitindiic^^ mammary adenocarcinoma (35; 36); and 
EMT-6 (18), another mainmary adenocarcinoma for vAnzh 
6p-iSd% cures were obtained and a tfneefold dose increase 
tf&jdi. v^as demonstrated with weight loss no greater than 
that obtained with radiation alone. 

... CldC is a prodrug that is modified by tumor physiology 
wi& die potential to become a powerful selective radioscn- 
sitizer of human malignant tumors. Although there are only 
two "minor* dififerences between CldC and 5-bFDmo- or 
ibdo-' deoxyuridine (die halogenated nucleoside analogs in 
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Table 3. A sunimary of the levels of dC kinase and dCMP deaminase in the head and nedc tumors and 

associated normal regions of patients with tumors of different histological classification at several sites 



and various stages. 
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0.785 


0.42 




21 


Submandibular 1 


NA 


NA 


T ^ 


\5J 


6.2 


9.5 


37.1 j 


3.5 


20 










N ^ 


1.80 


0.78 




1.90 1 


0.71 




22 


Facial Skin | 


iirr3N0 


SCCA 


T : 


\L6 


8.2 


4.1 


21.8 1 


2.6 


2.2 










N i 


^8o 


LI 




10.1 j 


0.78 




23 


Pharynx 1 


nrrsNO 


SCCA 


T 2 


.3.8 


3.3 




17.6 1 


5.1 






Tonsil 1 






N 














24 


Hypophamyx 1 


irr2N0 


SCCA 


T 2 


6.2 


0.78 


5.5 


10.2 j 


2.5 


X7 










N 4 


.70 


2.3 




J. to 1 


l.O 




25 


Hiyroid 


IVT4N0 


Anaplastic 


T 6 


.40 


2.5 


LI 


7,49 


3.5 


X4 










N 5 


.61 


0.20 




3.10 


1.4 




26 




IVT4N1B 


Papillary 


T 1 


01 


7.1 


4.8 


27.6 


2.0 


140 








N 2 


1.0 


3.0 




0.198 


0.057 




27 




nT2N0 


Papillary 


T I 


12 


6.0 


5.6 


32.0 


13 


1.6 








N 2 


O.O 


5.0 




19.7 1 


3.1 





T: tumor, N: tissue from normal margins; dC kinase: pmoles/min/mg protein; dCMP deaminase: nmoles/min/mg protein; SD': Standard 
Deviation of the mean.Tlie majority of these patients were previously treated with radiatiorL N (under stage): nodes; r recurrence. 
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recent use as radiosensitizers), tliese modificatioos seem to 
result in roajor increases in efficacy as detcnnincd in our 
past studies using IdU with EMT'6, a rodent mammary 
adenocarcinoma (18), and in a study using IdU tested at its 
maximum tolerated dose with PC-3 (data not shown). CldC, 
when anaboKzed to CldCMP by deoxycytidine kinase and 
converted by dCMP deaminase to CldUMP, is further 
anabolized and incorporated selectively into tumor DNA as 
CldtJ (35) (See Fig. 1). When tumor DNA containing CIdU 
is irradiated witli X-ray, the CI atom is released, and a 
urac}i radical is fonned that results in persistent single- 
strand breaks in tumor UNA. It is presiimed that the repair 
capacity of the tumor ceil is overrun, and the cell dies. The 
elevation of dC idnase in many human tumors is consistent 
\vitii the obsen^ed predominance of salvage pathways m 
• tumors. The cle\^tion of dCMP deaminase has been shown 
\ to be the result of the loss of ead-product inhibition by TTP 
in a tumor in a single study (3 1 ). As much as 40% thymid ine 
in DNA is derived by the dCMT dUMP (dCMP deami- 
nase pathway) (37). dCMP deaminase also prevents the 
, reiitiiization of CHsdCMP, which is formed by DNA deg- 
; - radation via DNase in successful solid tumors that become 
. necrotic. Salvage of CH3dCMP would result in the silencing 
of ^iies, which would be detrimental to the tumor (38). 
dCMP deaminase conveits this metabolite to TMP, impor- 
.t^ht for tumor metabolism as described above; Thus, this 
. . technology, exploits the elevation of these enzymes (which 
. play an important role in successful tumor physiology) for a 
■. therapeutic advantage. 

If the substimtion at the 5 position is Br or 1, the dcoxy- 
. •- (iytidine analog is a poor substitute for dC kinase (400 and 
,.1000 fiM Knis compared to a Km of 56 iiM for CldC, 
respectively) (39, 40). If a kcto rather than an anuno group 
- is in position 4, as with BrdtJ or IdU, the enzyme-based 
: selectivity is lost, and incorporation takes place in rapidly 
growing tissue such as bone marrow and intestine. H4U, 
..-vv^hic^^ effective at 1/400 its toxic dose (41), prevents 
rjjieiiaature systernic deammatLdn. In view of our finding that 
I H4U inhibits the cytidine deamiiiase in tumors to a fer lesser 
'ext&t than in normal ceils (42), a secondary distinct path- 
way of metabblism (via thymidine kinase) is available for 
die fonnadori of QdUMP in tumor ceQs (See Fig. I). This 
diial pathway activation of CldC (and FdC) makes it un- 
likely that mutation to resistance to X-ray will occur. 

In. Contrast to TdU and BrdU, dC and its analogs are not 
catabblized by uridine and thymidine phosphorylases (43), . 
and the jiiuclcotide derived fi"om it, CldUMP, is hot deha- 
iogehated by thymidyjale syndietase (44). Systemic catab- 
oiistn by uridine and thymidine phosphorylases greatly lim- 
its.^- tjie- effectiveness of the halogenated analogs of 
deoxyuridine (43). These three enzymes are elevated in 
turiibr cells (45-47). The pafliway of convereion toward 
tuiior . radioscnsitization is favored because the Kms of 
dCMP and dCDP kinases are very high (48, 49). The 
c^iivijision of CldCMP to CldUTP likely results in the 
activation of dC kinase (based on studies with TTP), 
whereas IdUTP and BrdUTP inhibit their key initial acti- 



vating caizyme, thymidine kinase. Therefore, CldC may 
enhance its own incorporation into DNA. In addition, 
QdUTP formed from CldC likely inhibits nucleoside 
diphosphate reductase, as inferred from studies with Br- 
dUTP (50). This also results in CldC autoenhanchig its own 
incorporation into DNA by lowering the competing pools of 
TTP. The nucleotide pool imbalances caused by inhibition 
of the reductase has been shown to result in tumot-duccted 
apoptosis and single-strand breaks equivalent to tiiat which 
would be obtained with 20 Gy (51). 

The results with CldC -f H4U (Schedules C and D) m 
experiments with PC-3 and H-165 shown m Figs. 5-7 are 
encouraging, because the prevailing view of this technology 
. has been diat, despite its success ^'s. rodent tumoris, the uSe 
of four drugs presents problems in its moving rapidly to 
clinical application. It seems that the addition of two inhib- 
itors of the formation of TTP at both an early step (aspartyl- 
tianscarbamoylase) and a late step (thymidylate synthetase) 
may be necessary only for the rapidly growing rodent tu- 
mors. The high percent (92) of the cells of the PC-3 tumor 
incbfporating CldU derived from CldC (+H4U) a.ft^r: only 
1 'A weeks of treatment may explain the marked radipsen- 
sitization we have observed, especially if there is a reason- 
able extent of replacement of thymine by 5-clilQt6uraciI in 
these, cells (studies in progress). 

Because of the mtermediary Van der Waal radius of tEe 
Cl atonii and its strong electronegativity, CldC may play 
multiple roles in the strategy of radiosensitizatidn\ tins 
diiahty of CMC may explam its similarity to IdU and BrdU 
as a radioscnsitizer and as a candidate inhibitor of hucleo- . 
, side diphosphate reductase in one regard; its siihiliarity to 
FdC rhay contribute indirectly to its effectiveness ak a 
ra$oscnsitizer. High levels of CldUTP fonned from CldC 
may hot only overrun the competition of TTP, but CldUMP 
• Aay effectively inhibit thymidylate synthetase. The iact diat 
FdUMP and CldUMP are not dehalogenated by thyriiidylate 
, syiitiietasc, whereas BrdUMP and IdUMP are dehaloge- 
iiated (44), may be consistent with &is suggestion. Indeed, 
s'tSdics with the thymidylate synthetase of Ldctdbaci(ii4s ' 
case'n in the laboratory of Wataya and Santi (52). have 
showh tiiat the Ki of CldlJMP was fer gr<pater thaA pdUMP 
hut much less tiian tiiat of BrdlMP and IdDMP (Ki 
FdiJMP = 0.015, CldUMP = 0.19, BrdDMP; = U, 
IdUl^ = L6). 

\ Brief chemical studies vvidi the tiiiol bisulfite dispel' the 
prevailing view that CldC is just another predictable 5-ha- 
Ibgcfiatbd pyiimidine analog. Whereas 5-iodode6xyuridine 
and 5riod6deoxycytidthe are dehalogenated by bisulfite, 
adU is not modified; fiirthermore, bisulfite, which is 
known, to deaminate deoxycytidine without deaminating - 
; 5-methyl debxycytidirie, does not dehalogenate or deami- . 
nate.the unique pyrimidine analog CldC (A. Mian, PhJD. 
'and S. Greer, unpublished data, July 2000). 

Other areas of study need to be pursued that may point to 
CldC enhancing its own radiosensitization and complement- 
ing radiation-induced tumor cure by mechaiiisms that are 
attributes of FdC and its metabolites. Is CldU in DNA a 
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substrate for uraciJ-N-glycolyase? This could invite addi- 
tioaal DNA breaks by the apurinic/apyriniidinic endonucle- 
ase that could follow the giycolyase, thereby increasing the 
burden of repair. Is CldC in DNA an inhibitor of DNA 
5-cytosine methyltransferase, thus unsilenciag tumor sup- 
pressor genes or invasion suppressor genes (e.g., Cadherin), 
resulting in return of tumor ceils that survive radiation to a 
normal state or one incapable of migrating to distant sites or 
one with restored DNA repair capacity, initially silenced by 
h3^cnncthylation? Can CldC, via hypomethylation, remove 
hotspots of mutation, resulting in a return of a genetically 
unstable tumor cell that survived radiation to a genetically 
stable ceil lhat is less likely to be more aggressive, meta- 
static, or refractory to further treatment? Can hj^methyla- 
tion by QdC result in flie expression of silenced tumor 
surfoce antigens in cells surviving radiation death so that the 
patient's immune system will be recruited to play a role in 
efficacy? Although we have found very little CldC as such 
in tumor DNA (35), because of the elevated Kms of the 
higher nucleotide kinases (48, 49), coupled with the action 
of elevated dCMP deaminase in tumors (28), it would 



nonetheless take very htde (nonstoichiometric) incorpora- 
tion of CidC into DNA to inhibit the proccssive enzyme 
5-cytosiiie DNA methyltransferase. The answers to these 
questions will impact on the conduct and outcome of clin- 
ical studies with QdC as a radiosensitizer of human tumors. 

The first trial ^nii examine this strategy vs. tumors of the 
head and neck, which usually are treated with 7 uninter- 
rupted weeks (once/day, 5 days/week) of radiation therapy. 
WbQTi biopsy material is readily available, as is the case 
with hcad-and-ncck tumors, an enzyme profile can easily be 
dctemiincd to predict the potential responsiv^icss of a 
tumor to radiation with CldC. Adding to the potential of 
CldC as a radiosensitizer of human tumors is the finding 
(53) that radiation increases the levels of pyrimidine salvage 
enzymes such as dCKL Tumors other tlian those of the head 
and neck tliat have elevated levels of dCMP deaminase, 
such as gUoblastoma, which has a 125 -fold higher level of 
the enzyme than surrounding brain cortex (28), will be 
compelling targets for further clinical trials, especially iii 
view of the ability of deoxycytidine and its analogs to cross 
the blood-brain barrier (54), 
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